Beauty Physics at CERN
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Particle Physics

Study Nature at small distances < 101> m

nucleus

Quantum theory describes phenomena down to 10-18 m
(Compare: 1018 m = 100 lightyear)




Powers of ten ...
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State of affairs in 2024
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The elementary particles

Proton

Neutron




What can one construct of these 3 building blocks?
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Elementary Particles

Not one series, but three!
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Elementary Particles
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Revolutions previous century:

Paul Dirac (1928): relativistic quantum theory!

For each matter particle there is

an anti-matter particle

Anti-matter particles:
e Same mass
e Opposite charge
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matter + antimatter = light !

(and vice versa)
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What is yet unknown:
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Curious prediction:

The Higgs boson:
ensures that particles have mass

in the theory

Neutrino’s
Electron

Muon

Tau

°
@ up,down, strange
°

Top quark




observed

expected
from
~~~.__ luminous disk
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M33 rotation curve |
(fig. 1)
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We only studied 4% of the content of the Universe...!




What is yet unknown? Three Big Questions
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Particle







Classical collissions

Quantum mechanical collissions
proton proton
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What do you expect?
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With the LHC at CERN:

1) Transform energy into matter!



With the LHC at CERN:

1) Transform energy into matter!
.

2) New particles change predictions






2) New particles change
predlctlons :
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LHCb in numbers

Tevatron
500 pb —> :

120.000 events / sec
(L=10%3)

L E,®! > s/20)

0,(E7 > 100 GeV)

:
1
]
]
:

events/sec for [.=10 cm s

(compare: ATLAS writes 200 Hz)

Gt
csje,(ETiet > \s/4)

Origgs(Myy = 500 GeV) /. \
Illll 1 1 lllllll II 1 lllllll : 1

0.1 1 10

Vs (TeV)

|||ll'l'l'l'| lllul'l" lllllml IlIlIm] Illlll'l" llllmll Illlmll ||||ll'l" |||||'m'| Illllml ||ull'l'l'| llllm'l'l TTT

1
1
1
PRI BRRERTTT BENERTTTT MRt | ||||||,|J




1) Find differences between matter and anti-matter
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LHCDb: study the B particle
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LHCDb: study the B particle
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LHCDb: study the B particle

:_ LHCDb collaboration, Phys. Rev. Lett. 110,021801 (2013)
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1 N

Only 3 in a billion B particles decay to 2 muons

Do new particles exist?




LHCDb: study the B particle

LHCD collaboration, Phys. Rev. Lett. 110, 021801 (2013)
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LHCDb: study the B particle
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LHCDb: study the B particle
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LHCDb: study the B particle

LHCb
9 fb!
BDT >0.5
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Theory :
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https://doi.org/10.1103/PhysRevLett.128.041801

1) Find differences between matter and anti-matter
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1) New ‘ordinary’ hadrons
2) New ‘exotic’ hadrons: Tetraquark and pentaquark
3) Discovery 'CP violation’ B,

4) Discovery 'CP violation” charm

Hot topic:

5) Difference electron, muon, tau?




LHCDb: new ‘ordinary’ hadrons
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LHCb: new ‘exotic’ hadrons
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eNature Commun. 13 (2022) 1, 3351



LHCb: antimatter difference in B.°

5t 54 55 56 57 51 52 53 54 55 56 57 5.8
Kt invariant mass [GeV/c’] K 7t invariant mass [GeV/c]




“CP violation”

DO>K+K- same as

DOSK+K- ??

at least it is different compared to
DO>n*n-...:

AAcp = (=154 +£29) x 107*




LHCb: antimatter differences

KO: strange particles
CP violation in kaon decay

kTeV & NA48
Phys.Lett.B 465 (1999) 335
Phys.Rev.Lett. 83 (1999) 22

BY: Beauty particles

CP violation in B? decay

BaBar & Belle
Phys.Rev.Lett. 93 (2004) 131801
Phys.Rev.Lett. 93 (2004) 191802

B*,B0: Beauty particles
CP violation in B*, B.,” decay

LHCb
Phys.Lett.B 712 (2012) 203
Phys.Rev.Lett. 108 (2012) 201601

DO: charm particles

CP violation in DY decay
LHCb

Phys.Rev.Lett. 122 (2019) 211803
N

v

v
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v

1964

1999 2001 2004

2012

2019 2021

}

?

KO: strange particles
CP violation in kaon mixing

Cronin and Fitch
Phys.Rev.Lett. 13 (1964) 138

BY: Beauty particles

Time dependent CP violation

BaBar & Belle
Phys.Rev.Lett. 87 (2001) 091801/2

e
BY.: Beauty particles

Time dependent CP violation

LHCb
JHEP 03 (2021) 075

(ds)
(bd)

1964: CP violation with K9
2000: CP violation with B

(Nobelprize 1980)
(Nobelprize 2008)

(bs)
(cu)

2012: CP violation with B0
2019: CP violation with D9

(LHCDb)
(LHCDb)




1) New ‘ordinary’ hadrons
2) New ‘exotic’ hadrons: Tetraquark and pentaquark
3) Discovery 'CP violation’ B,

4) Discovery 'CP violation” charm

Hot topic:

5) Difference electron, muon, tau?







CERNCOURIER

VoLumE 55 NUMBER 9 NOVEMBER 2015

Tensions in the Standard Model



LHCb: hot topic




LHCb: hot topic

Flavour changing neutral current electroweak penguin

FCNC EWP




LHCb: hot topic

The original penguin:

Antistrange

Strange / 3 Antlstrmge
Quar ’ Quark




LHCb: hot topic

BaBar 5
0.1 < ¢%<8.12GeV¥ct
[PRD86032012]

Belle i
1.0 < 42 < 6.0 GeV/ct
[JHEP03(2021)105]

LHCb 5 fb!
1.1< q3 < 6.0 GeV/ct
[PRL122191801]

LHCb O fb!
1.1 < ¢>< 6.0 GeV¥c*
[LHCb-PAPER-2021-004]
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+ 1+

{ Data
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X>=1.6,p=0812 0=02
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LHCb: hot topic

SN
SRS

LHCb
0 SM from DHMV

15

q? [GeV¥ 4]
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LHCb: hot topic

;

Prelim. 2022

Bellel5
LHCb18

———

W~ Belle19

SM, 3.2 0

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74

l PRD 105 (2022) 034503

1 1 1

Bellel7

4 HFLAV SM Prediction
R(D) =0.298 £ 0.004
R(D*) =0.254 + 0.005

World Average

R(D) =0.358 £ 0.025 £ 0.012
R(D*) =0.285 £ 0.010 = 0.008
p=-0.29

P(x?) = 32%

L L 1

0.2 0.3 0.4

eN.Tuning - Genoa - 23 Nov 2022



https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html

LHCb: what could it be?

SU(2)’ Leptoquark







Thank you!



Higgs en LHCD



Curious prediction:

The Higgs boson:
ensures that particles have mass

in the theory

Neutrino’s
Electron

Muon

Tau

@ up,down, strange
°

Top quark




Mass is de ‘exchange rate’ between force and acceleration:

F=mXa

Does not describe what mass is ...

Newton
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Mass is energy

E = m X c?

Describes what mass is !

But not where it comes from ... Einstein

18. Ist dic Trigheit eines Kérpers von scinem
Energieinlalt abhdngig?
von A. Einstein.

Die Resultate einer jiingst in diesen Annalen von mir
publ ten elektrodynamischen Untersuchung?) fiahren zu einer
sehr interessanten Folgerung, die hier abgeleitet werden soll.

Ich legte dort die Maxwell-Hertzschen Gleichungen fur
den leeren Raum nebst dem Maxwellschen Ausdruck fir die
clektromaguetische Energie des Raumes zugrunde und auBor-
dew das Prinzip:

Die Gesetze, nach denen sich die Zustinde der physi-
kalischen Systeme andern, sind unabhingig davon, auf welches
von zwei relativ zueinander in gleichformiger Parallel-Trans-
lationsbewegung befindlichen Koordinatensystemen diese Zu-
standsinderungen bezogen werden (Relativititsprinzip).

Gestiitzt auf diese Grundlagen? leitete ich unter anderem

. §8):
Kin System von ebenen Lichtwellen besitze, auf das Ko-
7. 2) bezogen, die Knergie Z; die Strahl-
srmale) bilde den Winkel ¢ mit der z-Achse
Fithrt man ein neues, gegen das System (z,z, z)
Paralleltranslation begriffen, Koordi

gl
system (&, 7. sen Ursprung sich mit der Geschwindig-
keit » lings & se bewegt, so besitzt die genannte Licht-

remessen — die Knergie:

Von diesem Re-

wobei 7 die Lichtgeschwindi;
sultat machen wir im folgenden Gebrauch.

1) A. Einstein, Ann. d. Phys. 17. p.
2) Das dort benutzte Prinzi
keit jat natiwlich in den Maxwellschen Gl




What is mass ?? Anno 1964

“friction” of ubiquitous ‘Higgs field’

Higgs
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Mass of elementary particles is due to

m: yyH U

P




Modelling interactions

Standard Model Music (J.S. Bach)
Lagrangian

, Allegro moderato. (=6
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How do collissions look like?

quark

quark

neutrino

quark

Simulation top quark production

Y(cm)



Y(cm)




Higgs —> ZZ > 4 leptons

small number of beautiful events

|-
H>ZZ > I*I'1+-

T T | T T T T
ATLAS
H—zZ" -4l

)\
9]}
I

>
®
O
©
2
-
)
>
L

- []Signal (m =125 GeV)

N
(&)

N

60 (Higgs = 4 lepton) events

—h
9]
T TT

- peak !?

‘other’ 52 events

with Higgs 68 events




Higgs > 2 phoetons

> L L B L S R B R B B BN B B B R B B R B R L R
= 8 3500F ATLAS ¢ Data
J 3000E — Sig+Bkg Fit (m =126.5 GeV)
() ——
§ = Nq meeeeee- Bkg (4th order polynomial)
H->yy decay 3 2500

2000

1500 5_ {s=7 TeV, [Ldt=4.8b

1000E" 5= Tev, [Lat=5 91"

- H-yy

Events - Bkg

140 150 160
m,, [GeV]




Interpretation of exXcess

4 ] ] ] )
Claim discovery if:

Probability of observing excess smaller
than 1 in 1 milion

S

Throwing 8 times 6 in a row




Discovery in slow-motion

Time-line higgs discovery

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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“normal” particles

Higgs

Half of T-shirt is about Higgs!




strange bottom

4 forces










Higgs and LEHCDH?

\Il - quarks

\ Ij: coupling betwee




Higgs and LHCBH?

Yukawa Couplings

Couplings
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Where did the anti-matter go?

80% of all matter in the Universe is unknown
- dark materie

Higgs boson and quark couplings?
(what is the connection) ?

| - why does gravitaty not fit in SM, extra dimensions, why 3 families, fermions fundamental
particles, supersymmetry, protons stable, quantisation electric charge, exploding
guantum corrections, small neutrino masses, string theory, ...

g




Einde



Higgs and the
Universum



Particle? Field?
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Particle Field

PRoten (gt particle)




Why: is the Higgs p

Particle_

Field
9 Particle
-9 VLT S
Apparent massa ..J J 'ldgs field
? 5 J J J
’ J

(
|
\

As if the fish discovered the water he’s in...
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The Higgs field is-uniform - like the'lg

-

g a Higgs particle is like a

1€0FY o1 H1gdsS:

if 1

th'pc e exis



Mass of elementary particles is due to

m: yyH U

P




Mass of elementary particles is due to

Gnstein:

proton mass =

binding energy no rest-energy=

NO Mass

rest energy =

interaction with Higgs field

= mass!

~

Revolutionary - with spectaculair consequences :

space is not empty, but filled with sort of ‘ether’




If the Mars
pathfinder find
life ...

... 1000 new
questions arrise




Higgs® properties as expected?

m,=125 GeV

|

1 1111
LHC HIGGS XS WG 2010

—
Q

Branching ratios

—
<Q
N

1 IIIIIlI[

) L (I BT N1 )
100 120 140 160 180 200
Higgs boson mass (GeV)

Standard Model

IATI.'ASI 2014 -20'12

W,ZH — bb

Vs=7TeV: [Ldt= 47"

H— 1t
Vs=7TeV: [Ldt= 4647fb1

H—>WW elvlv

Vs =7TeV: [Ldt= 47"
Vs=8TeV: [Ldt=5.81b"

H—>y}(
\s=7TeV: |Ldt=4.81"

\s =8 TeV: ILdt 59"

H-zz" = 4l

Vs=7TeV: [Ldt= 4.8 1"
Vs=8TeV: [Ldt=5.81b"

Combined
\s=7TeV: JLdt=46-48f"
\s=8TeV: JLdt=58-59b"

prediction

]
Signal strength (u)

measurement




Higgs® properties as expected?

Are there more Higgs particles?

2 2
£susy = —%(HJG" Hy + Hjaaﬂd)z — %(H:HM — HJHJ)Z

-I-}:‘j Hreﬁgq] - }g, H}G(qu - ).fj Hzeégfj
1:
“We — o' By +he.







One of

The

" properties match that of another field...

that inflated the Universe between 10-33 and 10-32

seconds after the Big Bang




Another field: the Big Bang

Infiationary
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Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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' Higgs:

Higgs particle discovered in Geneve

Universe filled with the Higgs field
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Where did the anti-matter go?

80% of all matter in the Universe is unknown
- dark materie

Higgs boson and quark couplings?
(what is the connection) ?

| - why does gravitaty not fit in SM, extra dimensions, why 3 families, fermions fundamental
particles, supersymmetry, protons stable, quantisation electric charge, exploding
guantum corrections, small neutrino masses, string theory, ...
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“Infinite amount of applied research on
candles, would never have brought us
electric light.”
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PET scan

WWW

Information Management: A Proposal




CERN/LHOC 2012007
LHOb TOR 12
25 May 2012

LHCb: How further?

Framework

Type Observable Current LHCbH Upgrade Theory
precision 2018 (50fb™')  uncertainty
BY mixing 283, (BY — Jh) o) 0.10 [30] 0.025 0.008 ~ 0.003
205 (BY — J/ £5(980)) 017 [32] 0.045 0.014 ~0.01
s 6.4x 1072 [63]  0.6x107* 02x107% 0.03 x 1073

Qg
Gluonic 26(BY — 00) - 0.17 0.03 0.02

penguins 25 (BY — K*0[*0) = 0.13 0.02 <0.02 fon Report
254 (BY 5 6KY) 0.17 [63] 0.30 0.05 0.02
Right-handed 26E(BY — ¢) - 0.09 0.02 <0.01
currents 1(BY = ¢) /TR0 — 5% 1% 0.2%
Electroweak — S3(BY — K*%utpu=;1 < ¢ < 6GeVY/c?) 0.08 [64] 0.025 0.008 0.02
penguins so App(B® — K*0utp) 25 % [64] 6% 2% 7%
AlKpt ;1< @ < 6 GVt 025 [0] 0.08 0.025 ~ 0.02
B(BT — 7ttt p”)/B(BY — Ktptu™) 25 % [29] 8% 2.5% ~ 10%
Higgs B(BY — putum) 1.5 x 1077 4] 0.5x 107 0.15x 107 0.3 x 107°
penguins B(B® — ptp~)/B(B? — putu™) — ~ 100 % ~ 35% ~ 5%
Unitarity v (B — D K®) ~ 10-12° [40,41] 4° 0.9° negligible
triangle v (BY = D.K) — 11° 2.0° negligible
angles B(B°— J/v KY) 0.8° [63] 0.6° 0.2° negligible
Charm Ar 23 x 1072 [63]  0.40 x 1073 0.07 x 1072 -
CP violation AAcp 21x 1072 [8]  0.65x 1073 0.12 x 1073 -




LHCb: Upgrade - Trigger

Number of events:

. "
L@y
T Yy

!

! Higher lumi doesn’t
= Higher threshold > Less = A help, unless we change
e [ the trigger

2 25 3 35 4 45 5 55
Luminosity (10%e¢m™s™)

Solution:
Smarter trigger 2> all events to CPU farm:

» Readout @40 MHz, not 1 MHz ...




= Precise 2 More luminosity

= More luminosity = Higher particle rate

= Higher particle rate - Occupancy too large in Quter Tracker

» 2 options:
OUTER TRACKER
CENTRAL TRACKER
OUTER OUTER
TRACKER - TRACKER

INNER TRACKER

1) Inner Tracker becomes Scintil. Fiber, 2) Inner Tracker becomes bigger,
Outer Tracker becomes less Outer Tracker becomes smaller




